Small RNAs are endogenous 21-to 24-nucleotide molecules that play important regulatory roles in animals and plants by targeting mRNA for degradation or translation repression or by altering transcriptional activities. Initially, small RNAs have been identified by simply cloning and sequencing size-fractionated RNA molecules. After the advent of high-throughput sequencing technology such as massively parallel signature sequencing (MPSS) and 454 sequencing technology, large numbers of small RNAs from different plant species and genetic materials have been identified . Analyses of these endogenous small RNAs revealed unexpected complexity and remarkable diversity (Fahlgren et al. 2007 ; Henderson et al. 2006; Lu et al. 2005a Lu et al. , 2006 Rajagopalan et al. 2006) , suggesting fundamental regulatory roles in a wide range of biological processes.
Four distinct classes of small RNAs have been described. These include microRNAs (miRNAs), natural antisense small interfering RNAs (nat-siRNAs), transacting small interfering RNAs (ta-siRNAs), and nonclassified small interfering RNAs (siRNAs). miRNAs are the processing products of distinct genes and represent a new class of noncoding endogenous small RNAs which act as negative regulators of gene expression. miRNAs are involved in different aspects of plant growth and development, signal transduction, protein degradation, response to environmental stresses, and pathogen attack (Jones-Rhoades et al. 2006; Sunkar et al. 2007; Zhang et al. 2006) . The other three classes of small RNAs differ from miRNAs in that they arise from long double-stranded RNAs (dsRNAs) that are processed into small stretches of single-stranded RNA molecules (ssRNA), the siRNAs. nat-siRNAs are derived from transcripts that harbor complementary regions and, thus, form dsRNA stretches. These nat-siRNAs could potentially regulate the expression, at the post-transcriptional level, of their sense partner in cis or other homologous transcripts in trans. Recently, it has been reported that nat-siRNAs regulate salt tolerance (Borsani et al. 2005) and mediate Pseudomonas syringae race-specific resistance in Arabidopsis (Katiyar-Agarwal et al. 2006 ). The finding that many eukaryotic genomes contain a high percentage of overlapping genes, up to 22% in Drosophila spp. and 10% in Arabidopsis (Boi et al. 2004; Wang et al. 2005b) , suggests that the overlapping gene organization, which leads to stretches of complementarity in mRNA species, could be an important mechanism for gene regulation. Like miRNA, ta-siRNAs are genetically defined at specific loci and generated from DICER-like processing of dsRNA formed by the activity of RNA-dependent RNA polymerases (RdRP). Although miRNA genes encode unique miRNAs, ta-siRNA genes produce several ta-siRNAs that direct the cleavage of unrelated sets of genes by the same mechanism as plant miRNAs Vazquez 2006; Vazquez et al. 2004 ). Likewise, under specific circumstances, siRNA can be generated from dsRNA as a result of RdRP activities and can act as determinants of gene silencing at both transcriptional and post-transcriptional levels (Hamilton et al. 2002; Sunkar et al. 2005; Swiezewski et al. 2007; Xie et al. 2004) . Because small RNAs also are active against imperfectly matched targets, such regulatory roles may be numerous.
Biogenesis of small RNAs in Arabidopsis requires different DICER-like (DCL) or RdRP proteins (Kurihara and Watanabe 2004; Park et al. 2002; Reinhart et al. 2002) . The accumulation of miRNAs requires DCL1, one of the four DCL proteins in Arabidopsis (Kurihara and Watanabe 2004) . Although it was thought that DCL1 is the only DCL protein to be involved in miRNA biogenesis, Rajagopalan and associates (2006) found that some miRNAs depend on DCL4 rather than DCL1 for their accumulation. The ta-siRNAs are mainly produced by DCL4 and require RdRP6 activity for their biogenesis Gasciolli et al. 2005; Peragine et al. 2004; Vazquez et al. 2004 ). DCL2 and DCL3 can also contribute to ta-siRNA production in the absence of DCL4 activity (Gasciolli et al. 2005; Henderson et al. 2006; Xie et al. 2005) . Other classes of small RNAs generally require an RdRP protein and one or more of DCL2, DCL3, and DCL4 (Chan et al. 2004; Onodera et al. 2005; Xie et al. 2004) .
Initially, miRNAs have been shown to be involved in the regulation of various plant developmental processes (Bartel 2004) . However, growing evidence indicates that miRNAs and small endogenous RNAs also are involved in biotic stress responses in plants. Recently, experimental evidence documented an important role of miRNA and nat-siRNA in controlling gene expression mediating plant resistance against bacterial diseases (Katiyar-Agarwal et al. 2006; Navarro et al. 2006) . In Arabidopsis, 15 resistance (R) genes are the predicted targets of miR472, and some of these predictions were confirmed experimentally (Lu et al. 2007) . Two miRNA families, miR472 and miR482, were predicted to target 18 putative disease resistance genes in Populus trichocarpa and some of these predictions were confirmed experimentally (Lu et al. 2005b) . Arabidopsis miR397, miR408, and miR857 were predicted to target different laccaselike genes (Jones-Rhoades and Bartel 2004) , which are involved in plant defenses against a variety of pathogens (Li and Steffens 2002) . The three Arabidopsis miRNAs (miR160, miR167, and miR393) target different auxin-signaling genes and were strongly upregulated following infection by Pseudomonas syringae pv. tomato (DC3000hrcC) (Fahlgren et al. 2007 ). Other miRNAs were found to be involved in virus-induced gene silencing in Arabidopsis (Chapman et al. 2004; Kasschau et al. 2003; Mlotshwa et al. 2005 ). More recently, 82 plant diseaserelated transcripts were predicted and partially validated as targets of miRNAs in pine (Lu et al. 2007) , further documenting regulatory roles of miRNAs during biotic stress responses.
Cyst nematodes, Heterodera spp., are sedentary parasites of roots in many economically important crop plants and cause severe yield losses worldwide (Niblack et al. 2006; Wrather et al. 2001) . Plant-parasitic nematodes have well-developed esophageal gland cells that produce secretions released through the stylet into plant cells to mediate nematode infection and parasitism of host plants Davis et al. 2004) . Cyst nematodes induce a specialized plant feeding structure called a syncytium as a source of nourishment. The establishment of syncytia is characterized by complex morphological and physiological changes of the infected host cells and is associated with extensive alterations of gene expression in cells of infected plants (Alkharouf et al. 2006; Gheysen and Fenoll 2002; Ithal et al. 2007; Klink et al. 2007; Puthoff et al. 2003) . The genetic networks underlying gene expression regulation in nematode-infected roots and particularly in the nematode-induced feeding sites are poorly understood. The finding that miRNAs and other small RNAs are involved in developmental and biological processes similar to those implicated in syncytium formation and function provided the foundation to investigate the potential involvement of small RNAs in plantnematode interactions. The sugar beet cyst nematode, Heterodera schachtii, readily infects Arabidopsis which, therefore, represents a superb system to study the roles of small RNAs during cyst nematode parasitism (Sijmons et al. 1991) .
Identifying small RNAs requires relatively large quantities of RNA and, to our knowledge, Arabidopsis small RNAs so far were identified from aboveground tissues and not from roots (Fahlgren et al. 2007; Lu et al. 2005a Lu et al. , 2006 Rajagopalan et al. 2006) . When small RNAs were identified from root tissues in rice, the identifiable number of small RNAs was 13 times smaller in roots than in inflorescences , suggesting a potentially lower abundance of small RNAs in roots. Our project was further complicated by the requirement to purify large amounts of small RNAs from Arabidopsis roots infected by nematodes without the presence of contaminating microbes (i.e., from monoxenic cultures). Despite these obstacles, we generated two small RNA libraries from low amounts of small RNAs from Arabidopsis roots harvested at 4 and 7 days postinoculation (dpi) with H. schachtii, albeit of relatively low abundance. Nonetheless, we conducted high-throughput sequencing, and sequences of known miRNAs as well as novel siRNAs were identified. Furthermore, we used quantitative real-time reverse-transcriptase (RT) polymerase chain reaction (qPCR) to quantify abundances of a subset of these small RNAs as well as the mRNA abundance of Arabidopsis genes that are the targets of miRNAs found by us. Our results demonstrated that small RNAs differentially accumulate in Arabidopsis roots as a function of H. schachtii parasitism, giving rise to the possibility that gene silencing mechanisms in the host plant play an important role during cyst nematodes parasitism.
RESULTS
We used an integrated approach to explore whether small RNAs are involved in mediating cyst nematode parasitism and to provide the first insights into such novel aspects of cyst nematode pathogenesis. As a first avenue, we examined the phenotypes of plant mutants. If host gene expression during nematode infection is controlled in part by gene silencing mechanisms through small RNAs, it can be expected that knock-out mutants of genes involved in the biogenesis and production of small RNAs will affect Arabidopsis susceptibility to plant-parasitic nematodes. To investigate this hypothesis, we examined the susceptibilities of Arabidopsis DICER-like (dcl) and RNA-dependent RNA polymerase (rdr) mutants to the sugar beet cyst nematode H. schachtii. The fact that null DCL1 alleles are embryonic lethal precluded us to examine this mutant. The dcl2-1, dcl3-1, and dcl4-2 single mutants; dcl2-1/dcl3-1, dcl2-1/dcl4-2, and dcl3-1/dcl4-2 double mutants; dcl2-1/dcl3-1/dcl4-2 triple mutant; rdr1-1, rdr2-1, and rdr6-15 single mutants; and rdr1-1/rdr2-1/rdr6-15 triple mutant as well as wild-type Col-0 were subjected to susceptibility assays using our established methodologies (Baum et al. 2000) . Susceptibility was quantified as the number of developing female nematodes in three independent replicated experiments. Overwhelmingly, the examined mutants exhibited a trend of decreased susceptibility relative to the wild-type Col-0 (Fig. 1) . In order to investigate whether this reduced susceptibility is associated with morphological changes in root systems, seed from these 11 homozygous mutant lines along with the wild-type Col-0 were planted on nutrient medium, and root length and morphology were investigated 7 days after planting. No significant differences were observed between the mutant lines and the wild-type Col-0 ( Supplementary Fig. 1 ). These results suggest a role of small RNAs in mediating gene regulation processes that are involved in or important to plant-nematode interactions and, therefore, prompted us to clone small RNAs during the early stage of H. schachtii infection.
Identification of H. schachtii-regulated small RNAs.
We generated two independent small RNA libraries from Arabidopsis roots harvested at 4 and 7 dpi. For this purpose, small RNA molecules were purified from total RNA isolated from monoxenic cyst-nematode-infected Arabidopsis roots by size fractionation, ligated to 5′-and 3′-end adapters and used to synthesize first-strand cDNA, which was used as template for PCR amplification. Amplified products were purified, and 100,000 sequence reads were obtained using 454 sequencing technology. As expected due to the technical difficulties of obtaining sufficient RNA amounts, we obtained sequence reads indicative of relatively low abundance of our small RNA preparations. The vast majority of the sequences were from RNAs shorter than 16 nucleotides or from self-ligated PCR primers. Clones shorter than 16 nucleotides are most likely degradation products of mRNA species and were not analyzed further. As a result of this constraint, we were not able to assess RNA expression differences between timepoints merely from the frequency of RNA species in our sequence data. However, these data allowed us to identify small RNA species as promising candidates for expression analyses and further characterization.
In all, 1,376 sequence reads representing 861 distinct small RNA sequences of 16 to 25 nucleotides in length were recovered from our sequencing reactions. BLASTn searches against the The Arabidopsis Information Resource (TAIR) databases revealed that 575 distinct sequences had perfect matches to the Arabidopsis genome and these sequences, therefore, were chosen for further analyses. The remaining 286 small RNA sequences did not have perfect matches to the Arabidopsis genome and were not further studied here. These unmatched sequences may have been derived from H. schachtii or may be Fig. 1 . Susceptibility of DICER-like (dcl) and RNA-dependent RNA polymerase (rdr) knockout mutants to Heterodera schachtii relative to wild-type Arabidopsis thaliana ecotype Col-0. The dcl2-1, dcl3-1, and dcl4-2 single mutants; dcl2-1/dcl3-1, dcl2-1/dcl4-2, and dcl3-1/dcl4-2 double mutants; dcl2-1/dcl3-1/dcl4-2 triple mutant; rdr1-1, rdr2-1, and 6-15 single mutants; and rdr1-1/rdr2-1/6-15 triple mutant as well as wild-type Col-0 were planted on modified Knop's medium, and 2-week-old seedlings were inoculated with ≈250 surface-sterilized second-stage juvenile (J2) H. schachtii nematodes. Relative susceptibility was determined by counting the female fourth-stage juvenile nematodes (J4) at 15 days postinoculation (dpi) in the knockout mutants relative to the wild-type Col-0. Three independent experiments are represented by three different symbols. Solid symbols indicate mutant lines that are significantly different from the wild type as determined by unadjusted paired t tests (P < 0.05). a dpi = days postinoculation. b miRNA = microRNA, tRNA = transfer RNA, siRNA = small interfering RNA, rRNA = ribosomal RNA, snoRNA = small nucleolar RNA, and snRNA = small nuclear RNA.
artifactual. The 575 small RNAs with Arabidopsis matches were grouped in different classes (Table 1 ). The largest class consisted of clones matching ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small nucleolar RNAs (snoRNAs), and small nuclear RNAs (snRNAs). The high portion of this class may be due to the fact that our libraries were made from roots subjected to H. schachtii infection, which may enhance the breakdown of rRNAs, tRNAs, snoRNAs, and snRNAs, as has been postulated for certain abiotic stresses (Sunkar and Zhu 2004) . This class was not considered for further analysis here. Among the remaining sequences, we identified 30 known miRNAs and 3 known ta-siRNAs (Supplementary Table 1 ) as well as small RNAs (putative endogenous siRNAs) matching transposons, messenger RNA molecules, and nonclassified siRNAs. siRNAs that mapped to transposon or retrotransposon in sense or antisense orientations represented 2.1 and 2.7% of the distinct reads in the 4-and 7-dpi libraries, respectively. Also, 2.1% of the unique reads mapped to the antisense of protein-coding genes at both timepoints. Other siRNAs that did not match noncoding RNA transcripts represented 11 and 10% of the unique sequences identified in the 4-and 7-dpi libraries, respectively (Table 1) .
miRNAs respond to H. schachtii infection. Eight distinct small RNA sequences matching known Arabidopsis miRNAs were identified in the 4-dpi library. These were miR158, miR159, miR166, miR169, miR171, miR396, miR403, and miR775. In the 7-dpi library, 22 distinct miRNA sequences were identified. These 22 miRNAs belonged to 18 miRNA families, including miR156, miR157, miR158, miR159, miR160, miR161, miR164, miR165, miR166, miR167, miR168, miR169, miR171, miR172, miR390, miR396, miR398, and miR775. In all, we identified miRNAs belonging to 19 families in our experiments. Because our limited sequence data did not allow conclusions about small RNA abundance, we used qPCR to overcome these limitations (Shi and Chiang 2005) and to quantify the expression of mature miRNAs as a function of cyst nematode infection. In addition to requiring only very low quantities of RNA, qPCR also allows discrimination between miRNA family members having as little as one nucleotide difference (Shi and Chiang 2005) . To identify miRNAs that are regulated during nematode infection, all miRNAs identified in the two libraries were subjected to qPCR analysis to investigate their expression profiles during the early stages of nematode infection. For this purpose, 2-week-old wild-type Arabidopsis seedlings were inoculated Fig. 2 . Expression patterns of mature micro-(mi)RNAs that are differentially expressed in response to Heterodera schachtii infection. miRNA expression levels were measured by quantitative real-time reverse-transcriptase polymerase chain reaction using RNA isolated from infected and noninfected roots collected at 4 and 7 days postinoculation (dpi). The expression levels were normalized using 5.8S ribosomal RNA as an internal reference gene. The foldchange values were calculated using the 2 -ΔΔCT method and represent changes of mature miRNAs' abundance in infected roots relative to noninfected controls. Data are the averages of three measurements ± the standard error (SE). Mean values significantly different from 1.0 (no change) are indicated by asterisks as determined by paired t tests (P < 0.05).
with H. schachtii in three independent replicated experiments, and root tissues were harvested from inoculated and uninoculated plants at 4 and 7 dpi. Total RNA extracted from these tissues was polyadenylated and used to synthesize first-strand cDNA using a poly(T) adapter, which was followed by qPCR using miRNA-specific forward primers and an adapter-specific reverse primer. In order to differentiate the expression levels of miRNA family members by qPCR, we chose primers targeting polymorphic regions. Of the 19 miRNA families (26 members) investigated, 13 families (16 members) were differentially expressed in H. schachtii-inoculated roots when compared with noninfected roots at either 4 or 7 dpi or both timepoints (Fig. 2) . At the 4-dpi timepoint, 14 of the 16 differentially expressed miRNAs (miR156, miR157, miR158a, miR160, miR161, miR164, miR167a, miR168, miR171b, miR172c, miR396a and b, miR398a, and miR775) were statistically significantly downregulated while miR169d and miR172a were unchanged in inoculated roots compared with control roots. At 7 dpi, 7 of the 16 differentially expressed miRNAs were significantly upregulated and five were down- Fig. 3 . Expression of micro-(mi)RNA-target genes in response to Heterodera schachtii infection. mRNAs were quantified in total RNA extracted from infected and healthy roots collected at 4 and 7 days postinoculation (dpi) using real-time reverse-transcriptase polymerase chain reaction. Arabidopsis thaliana actin, as a constitutively expressed gene, was used as internal control to normalize gene expression levels. The fold-change values represent changes of mRNA abundance in infected roots relative to noninfected controls. Data are the average of three measurements ± the standard error (SE). regulated while four were unchanged (Fig. 2) . The strongest upregulation of 3.7-fold was observed at 7 dpi for miR156 (Fig. 2) . miRNA 161 exhibited the strongest downregulation of all miRNAs, which was visible at both timepoints.
We also determined that miRNAs belonging to the miRNA169, miRNA172, or miRNA398 families differed by only one or a few nucleotides but exhibited very different expression profiles in response to H. schachtii infection. For example, miR169a and miR169d, which share 19 nucleotides, were regulated differently. Whereas miR169a was not detectable, miR169d was significantly induced at 7 dpi (Fig. 2) . Similarly, miR172a and miR172c behaved very differently at 7 dpi. Although miR172a was upregulated, miR172c was downregulated. Furthermore, miRNA398a was downregulated at both timepoints whereas miRNA398b was unaltered (Fig. 2) .
Expression of miRNA-target genes in response to H. schachtii infection.
Because we determined that the abundance of miRNAs was altered during nematode infection, we also determined whether the mRNAs targeted by these miRNAs would exhibit abundance changes in accord with a regulatory function of the miRNAs. In total, 15 transcripts (Table 2) , targets of six different miRNA families (miRNA family 160, 164, 167, 171, 396, and 398) , were quantified in inoculated and noninoculated Arabidopsis roots. Our qPCR analyses showed mostly negative correlations between miRNA accumulation and target gene mRNA abundance, which suggests an expected regulatory function of these miRNAs. For example, members of miR160, miR164, miR167, miR396, and miR398 were significantly downregulated at 4 dpi while their target mRNAs were upregulated (Fig. 3) . Similarly, when the abundance of miR160, miR167, and miR171 increased, their target genes were downregulated (Fig. 3) . Only a few target mRNAs showed positive correlations with their corresponding miRNAs, as was the case for miR398 and its targets CSD1 and CSD2. Finally, when the expression levels of the three scarecrow-like transcription factor (SCL) targets of miR171 were quantified, only two of the three (SCL6-III and SCL6-IV) exhibited the expected negative correlation with the miR171 expression level, whereas SCL6-II did not. These observed discrepancies suggest that other regulatory mechanisms in addition to miRNA influences could be involved in regulating these genes.
Accumulation of non-microRNA small RNAs in response to H. schachtii infection.
As mentioned above, small RNAs (putative endogenous siRNAs) that were not designated miRNAs were also identified in our libraries. We identified 58 and 68 distinct putative siRNAs from the 4-and 7-dpi libraries, respectively, providing us with a total of 125 non-miRNA siRNAs. These putative siRNAs are between 16 and 25 nucleotides in length with the 20-to 24-nucleotide size class being predominant. The vast majority of these putative siRNAs identified a single locus in the Arabidopsis genome whereas others showed multiple loci ranging from 2 to 424 in number.
Of these 125 putative siRNAs, 15 showed perfect complementarity to protein-coding mRNAs (Table 3) , raising the possibility of these siRNAs functioning similar to miRNAs. These hits, for example, included genes for five unknown proteins, TGCTTTTTTCATGACTATAACAAT 4-dpi (1) AT2G21550 Bifunctional dihydrofolatereductase-thymidylate synthase, putative siRNA-8 TGCGTTAGGCTGGCTTCAC 4-dpi (1) AT4G02970 Signal recognition particle siRNA-9 CTGCCCATCTCTCACAGC 7-dpi (1) AT5G18900 Oxidoreductase siRNA-10 TGCAAAAGGCCAATAAGT 7-dpi (1) AT3G06435 Unknown protein siRNA-11 CCTGAAACTGAAACTGAAA 7-dpi (5) AT5G60430 Unknown protein siRNA-12 ACCCCTTTCCAATTCAT 7-dpi (1) AT2G45245 Unknown protein siRNA-13 CCCGGCATCGGAGCCA 7-dpi (4) AT2G01031 Unknown protein siRNA-14 TTTGATGATGGAGCTCCTTA 7-dpi (1) AT1G33080 MATE efflux family protein siRNA-15 CCCTTGTCTCGCCTAGGTTGGA 7-dpi (1) AT5G04360 α-Amylase two transcription factors, an oxidoreductase, a self-incompatibility protein, and two MATE efflux family proteins. Of these 15 matching regions, 5 were in the protein-coding sequence (AT3G21690, AT1G26796, AT5G18900, AT2G01031, and AT2G01031) while the remaining 11 matching regions were in untranslated regions (UTR). To investigate whether members of these 15 siRNAs differentially accumulate in response to H. schachtii infection, the abundance of siRNA2, siRNA6, and siRNA9 (Table 3) , which have perfect complementary matches to AT3G07340 (bHLH transcription factor), AT1G18740 (unknown protein), and AT5G18900 (oxidoreductase), respectively, were investigated in root tissues collected at 4 and 7 dpi from inoculated and uninoculated roots using qPCR as described above. siRNA2 could not be detected even after multiple attempts. This siRNA may accumulate at a level below the detectable limit. siRNA6 was expressed equally in both inoculated and noninoculated root tissues (Fig. 4) . siRNA9, on the other hand, exhibited strongly elevated accumulation in inoculated roots at both timepoints relative to noninfected controls (Fig. 4) . Of the 125 putative siRNAs, 18 were found to be identical to sense or antisense sequences of transposons or retrotransposons of different types, including hAT-like, MuDR, LINE, LTR/Copia, LTR/Gypsy, RC/Helitron, and Satellite (Table 4) . Among these 18 putative siRNAs, 2 (siRNA29 and siRNA32) were used in the qPCR assay to test whether they are differentially expressed in response to H. schachtii infection. siRNA29 showed an approximately 29-fold upregulation at 4 dpi followed by an approximately 6-fold downregulation at 7 dpi compared with controls (Fig. 4) . siRNA32 was significantly downregulated at both timepoints compared with noninfected controls (Fig. 4) .
We also identified 43 potential gene targets for 29 of the putative siRNAs based on the criteria described by others (JonesRhoades and Bartel 2004; Rhoades et al. 2002) . These criteria allow three or fewer nucleotide mismatches in the siRNA/ mRNA duplex with no mismatch allowed in positions 10 and 11 from the 5′ end of the siRNA whereby two G:U wobbles were considered as one mismatch. These 43 putative siRNA targets belong to a variety of gene families and have different biological functions (Table 5) . Eleven of these putative target genes code for proteins with functions related to transcription factors and other signal transduction components. Other predicted target genes have functions in development, transcription, hormone response, metabolic processes, and stress response while others have unknown functions (Table 5) . We further investigated the accumulation of 5 of the 29 putative siRNAs with potential gene targets (siRNA41, siRNA46, siRNA50, siRNA52, and siRNA54) in H. schachtii-inoculated roots at 4 and 7 dpi relative to noninfected roots. siRNA41 and siRNA46 were significantly induced at both timepoints, whereas siRNA52 and siRNA54 were downregulated at 4 dpi and upregulated at 7 dpi (Fig. 4) . However, siRNA50 exhibited a different expression pattern in that it was weakly downregulated at both timepoints when compared with the uninfected control (Fig. 4) .
In addition to the siRNAs for which we could identify predicted targets, there were 55 siRNAs in our sequence data for which we were unable to predict targets (Supplemental Table  2 ). These putative siRNAs may regulate gene expression at the transcriptional level by binding specific promoter regions.
DISCUSSION
Endogenous siRNAs and miRNAs play important regulatory roles in plant development and abiotic stress tolerance and also have been implicated in biotic plant interactions. We examined the susceptibilities of Arabidopsis knock-out mutants of genes involved in the biogenesis and production of small RNAs to H. schachtii to determine whether gene expression during nematode infection is controlled in part by gene silencing mechanisms. Biogenesis of small RNAs is controlled by many genes with considerable redundancy and cross-talk between known small RNA pathways (Gasciolli et al. 2005; Vazquez 2006) . With this in mind, we find that the trend of reduced susceptibility observed by us for dcl and rdr mutants is notable, particularly when considering that the assayed mutants are deficient in only a few components out of many genes implicated in small RNA biogenesis. These initial data motivated us to isolate small RNA species from Arabidopsis roots harvested at 4 and 7 dpi with surface-sterilized H. schachtii.
We identified endogenous siRNAs and known miRNAs that are differentially expressed in response to H. schachtii infection. One interesting aspect revealed by our expression analysis of the identified miRNAs is that all tested miRNAs were found to be either downregulated or unchanged at 4 dpi. It may be possible that miRNA function or biogenesis are affected during this early stage of nematode infection as part of a general plant defense response against the invading nematode. Similarly, the expression of a majority of the cloned miRNAs targeting defense-related genes in loblolly pine were significantly repressed in the stem galls induced by the rust fungus Cronartium quercuum f. sp. fusiforme, most probably to promote the activation of defense-related genes (Lu et al. 2007 ). On the other hand, at the later stage of cyst nematode infection (7 dpi), the expression profiles of the tested miRNAs were more complex, with significant up-or downregulation. This observation could be explained by the fact that plant responses switch from general stress responses to more specific responses to the nematode initiating compatible plant-pathogen interactions. Notable temporal changes of miRNA accumulation level have also been reported in response to P. syringae infection (Navarro et al. 2008) , different abiotic stress treatments (Bari et al. 2006; Sunkar et al. 2006) , exogenous auxin application (Yang et al. 2006) , and flagellin treatment (Navarro et al. 2006) .
Arabidopsis miRNAs regulate auxin-responsive transcripts during the compatible interaction with H. schachtii.
The phytohormone auxin plays a critical role in feeding site induction by cyst and root-knot nematodes (Bird and Kaloshian 2003; Goverse et al. 2000) . miR160 and miR167, which target different auxin response factor (ARF) genes, were found by us to be differentially expressed in response to H. schachtii infection. We detected an approximately twofold downregulation of miR160 and miR167 at 4 dpi. miR160 targets ARF10, ARF16, and ARF17 Wang et al. 2005a) , whereas miR167 targets ARF6 and ARF8 to control the expression of early auxin-responsive genes. The upregulation of these five target ARF genes at 4 dpi suggests that downregulation of miRNAs 160 and 167 may be the mechanism necessary to enable high expression levels of ARF in the nematode-induced feeding sites.
In addition to miR160 and miR167, which regulate ARF genes, miR164 functions as a negative regulator of auxin-mediated lateral root development by controlling mRNA abundance of NAC1 (Guo et al. 2005 ). NAC1 acts in transmitting auxin signals for Arabidopsis lateral root development (Xie et al. 2000) . We showed a downregulation of miRNA164 accompanied by an upregulation of NAC1 at both timepoints, with the strongest induction at 7 dpi. The downregulation of miR164 suggests that active auxin signal transduction is connected to localized auxin increase in the feeding sites. Two lines of evidence support this hypothesis. High GUS activity in the AUX1::GUS transgenic Arabidopsis lines has been detected upon H. schachtii or Meloidogyne incognita inoculation (Mazarei et al. 2003) . Similarly, the artificial auxin-responsive promoter element DR5 was strongly activated inside the feeding cells induced by both nematode species (Karczmarek et al. 2004 ).
miRNA expression patterns are likely associated with developmental processes characteristic of nematode feeding site formation.
During the initiation of nematode feeding sites, cyst nematodes inject parasitism protein secretions through their stylets into plant cells, causing these cells to develop into specialized feeding cells (Davis et al. 2004) . We found that H. schachtii parasitism downregulates miR396 expression at 4 dpi. This miRNA has been predicted to target six different growth-regulating factors (GRF). The fact that most of the Arabidopsis GRF genes are strongly expressed in actively growing and developing tissues, such as shoot tips and roots (Kim et al. 2003) , together with the expression patterns of three of these factors (GRF1, GRF3, and GRF8) during the Arabidopsis-H. schachtii interactions observed by us, shed light onto the possible role of miR396 4-dpi (1) AT1G50890 Similar to TOR1 TTCTTCACATTCATCATCATCA siRNA-42 ATATCTAAGACCATATGGGGTATC 4-dpi (1) AT2G16365 F-box family protein AACCCATATGGTCTTAGAAA siRNA-43 AGGTGTTCTTCAAATATTTGTTGA 4-dpi (1) AT1G30590 RNA polymerase AGCAAAATTTTGAAGAACATCT siRNA-44 ATATCACTTCATAATTCCTCCAAC 4-dpi (1) AT3G60030 SPL12 transcription factor GTTGGAGGAATTATGCAGCGGTTT siRNA-45 AAAGCGTCTGTAGTCCAACGG 4-dpi (3) AT4G38540 Monooxygenase CTGTTGGACTACACAGGCTT siRNA-46 AGAGCATCATTATCCATGAGTTC 4-dpi (3) AT1G72860 Disease resistance protein AAGTGCATGGATAATGATGCT siRNA-47 TCTCCTCCACCACCTCCCT 7-dpi (1) AT2G05440 Glycine-rich protein ACGGAGGTGGTGGAGGAG siRNA-48 AATACTCTTGGCGACATAA 7-dpi (1) AT2G40700 DEAH box helicase TCATGTCGCCAAGAGTTTT siRNA-49 CCGGAGGTAGGGTCCAGCGG 7-dpi (1) AT1G24706 Similar to DEAD box RNA helicase CTGTTGGACCCTACCTCT siRNA-50 AAAGAAGTCGAAGCTGTACT 7-dpi (1) AT3G55780 Glycosyl hydrolase family 17 protein AGTACAGCTTCGACTTCT siRNA-51 TTTCACTTCATCACACTCTCT 7-dpi (1) AT3G23150 ETHYLENE RESPONSE 2 AGGGAGAGTGATGAAGTGAA … AT1G02270 Calcium-binding EF hand family protein AGAGAGTGTGATGGAGAGTAA siRNA-52 CGCGGCGTGTTCGAATTCTGA 7-dpi (1) AT1G07150 MAPKKK13 TCAGAATTCGAAGACGCGGCG siRNA-53 GGCTAAGTCCGTTCGGTGGAA 7-dpi (1) AT5G19100 Extracellular dermal glycoprotein-related TTCCACCGAACGAAGTCAGTC siRNA-54 TAATCTTGAGGTCCCTACTGAA 7-dpi (1) AT3G06435 Unknown protein TTCAGTAGGGACCTCAAGAATA siRNA-55 AATATAATTTTGCAGTTTCGCC 7-dpi (1) AT3G28650 DC1 domain-containing protein GTCGAAACTGCAAACTTACTTT siRNA-56 CGATTGATGATTTTGAGTTAAT 7-dpi (1) AT4G29090 RNA-dependent DNA polymerase, putative 29-kDa ribonucleoprotein TTAACTCAAA-TCATCAAT … AT1G60000 … ATTAACTCAAAAG-ATCAAT … AT2G14110 Similar to HAD-superfamily phosphatase ATTTACTCAAAATCAT-AATAG siRNA-57 AATGGTGGAGAAAGAAGAGCGAG 7-dpi (1) AT5G17640 Unknown protein CTCTCTCTTGATTCTCCACCATT AT1G33790 Jacalin lectin family protein CTCTATCTTCTTTCTCCAGCAT siRNA-58 CTTCTCTTTGTCTCTGTGACTCA 7-dpi (1) AT4G35630 PSAT (phosphoserine aminotransferase) TGAGTCACAGAGGCAAAGAG … AT4G17020 Transcription factor-related TGAGTCAGAGAGACAAAGA … AT3G05050 Protein kinase family protein GAGTATCGGAGACAAAGAGAAG … AT4G35620 Cyclin-dependent protein kinase regulator GAGTCACAGAGAGAAGAGAGA siRNA-59 AATCTTGAGGTCCCTACTGAATT 7-dpi (1) AT3G06435 Unknown protein AATTCAGTAGGGACCTCAAGAAT siRNA-60 AAGAGAGTTTGGTAATAGTTTTAC 7-dpi (1) AT1G61350 Armadillo/β-catenin repeat family protein CAAATATTACCAAACTCTCTT … AT1G11920 Pectate lyase family protein AAACTATTACCAAACCCTAT siRNA-61 ATGTAGATGATGGGCTTAGATGAT 7-dpi (1) AT3G50480 HR4 (HOMOLOG OF RPW8 4) ATCATCTAAGCCCATCATCTA siRNA-62 GTTGATGTGTCTGGTTTTTGATGTG 7-dpi (1) AT1G77350 Unknown protein CATCCGCAACCAGACACATCAA siRNA-63 ATGTGCCAAAATTCGTAAA 7-dpi (2) AT5G44820 Unknown protein TTTTACAAATTTTGGCACA siRNA-64 TAAGATGGTGGAACACTGGT 7-dpi (1) AT4G02970 Signal recognition particle ACCAGTGTCCCACCATCTTA siRNA-65 AATCGCGACCTTCAATCCCGT 7-dpi (1) AT5G66890 Disease resistance protein AAGGAATTGAAGGTTGTGATT siRNA-66 AGCGTTCTGAACGACTGGTTGA 7-dpi (1) AT3G59570 RabGAP/TBC domaincontaining protein TCAACCAGTCGTTGAAAACGCT siRNA-67 ATATTCAAATGAGAACTTTGAAG 7-dpi (1) AT4G35450 ANKYRIN REPEAT-CONTAINING PROTEIN 2 GATCAAAGTTCTCATTTGAGTAT during parasitism. Transgenic plants overexpressing miR396 or miRNA-resistant GRF under the control of a root-specific promoter will provide insights into the functional roles of these factors in nematode-feeding site formation and development. Among all tested miRNAs, miR161 showed the highest downregulation levels at both timepoints. miR161 targets numerous mRNAs coding for pentatricopeptide repeat proteins (PPR) (Allen et al. 2004) . Two additional PPR are targets of miR158, which was found to be downregulated at 4 dpi. The PPR gene family is one of the largest families of putative RNA-binding proteins in plants containing more than 400 genes (Small and Peeters 2000) . It is predicted that the PPR family plays a central and broad role in regulating gene expression in organelles (Lurin et al. 2004; Schmitz-Linneweber et al. 2005) . One of the hallmark characteristics of the syncytium is the increasing number of organelles such as mitochondria (Jones 1981) . Nothing is known about gene expression and RNA processing in organelles during feeding site formation and these miRNAs may be useful as novel investigative targets in this context. miR171-mediated cleavage of mRNAs encoding SCL was shown by Llave and associates (2002a,b) and Reinhart and associates (2002) . These SCL genes have been shown to play crucial roles in the radial patterning of both roots and shoots and hormone signaling Kamiya et al. 2003; Wysocka-Diller et al. 2000) . H. schachtii-induced downregulation of miR171b/c indicates that miR171b/c could play a role in SCL expression during cyst nematode parasitism. Interestingly, the SCL6-IV (At4g00150), one of the three SCL targets of miR171, was found to interact with a root-knot nematode secretory peptide, which suggests its involvement in the early signaling events during root-knot nematode-host interactions and maybe also cyst nematode infection (Huang et al. 2006) . It is possible that downregulation of miR171b/c during the early stage of infection is required to assure efficient expression of SCL genes to subsequently activate signaling pathways during the interaction. Our finding that SCL6-III and SCL6-IV are highly expressed at 4 dpi reinforces this hypothesis.
Of the 17 SQUAMOSA promoter binding-like (SPL) genes in Arabidopsis, which function in normal plant development, 11 are predicted to have miR156 complementary sites and many of these targets were confirmed experimentally Kasschau et al. 2003; Wu and Poethig 2006) . Upregulation of miR156/157 after initiation of feeding sites observed by us could be required for proper development of feeding sites. However, this hypothesis needs to be examined further. Plants expressing miRNA-resistant versions of SPL genes will be of help to elucidate the mechanism by which the expression of these genes could affect nematode parasitism of plants.
miR172a and miR172c exhibited contrasting expression at 7 dpi, suggesting different functional roles during the Arabidopsis-H. schachtii interactions. Similarly, when miR172a and miR172c were overexpressed in Arabidopsis under the control of the 35S promoter, they showed different morphological phenotypes (Chen 2004) . Differential expression patterns among miRNA family members in specific tissues or developmental stages as well as in response to abiotic stresses have been reported previously (Sunkar and Zhu 2004) .
Differential expression patterns of small RNAs suggest a role in parasitism.
Despite the fact that thousands of small RNAs have been identified in Arabidopsis (Fahlgren et al. 2007; Henderson et al. 2006; Lu et al. 2005a Lu et al. , 2006 , many of the small RNAs identified in this study are novel, probably because this is the first study to report small RNAs from Arabidopsis roots. Furthermore, because our two libraries were prepared from RNA isolated from inoculated roots, these small RNAs could be accumulated in a tissue-specific manner in response to H. schachtii infection. Our real-time RT-PCR data revealed that many of these small RNAs are differentially expressed in response to H. schachtii. These differential expression patterns suggest regulatory functions of these small RNAs during parasitism. Experimental evidence has been reported that endogenous small RNAs in rice can guide mRNA cleavage both of the gene from which it was derived (cis) or other homologous sequences (trans) . Equally, evidence obtained from cultured human cells showed that miRNAs and siRNAs can use similar mechanisms to inhibit mRNA expression (Zeng et al. 2003) . We predicted many coding and noncoding genes as potential targets of the siRNAs. These predicted targets are involved in different biological processes, including transcriptional regulation. The endogenous siRNAs that match different types of transposons in antisense orientation could have a role in controlling the mobility and proliferation of transposable elements during H. schachtii infection. Similarly, several of the predicted transtargets of Arabidopsis and rice endogenous small RNAs were found to be transposable elements Sunkar and Zhu 2004; Sunkar et al. 2005) . On the other hand, we were not able to predict potential targets for many of the identified putative siRNAs. This may be due to the criteria we used to predict the complementary sites, which do not allow more than three mismatches. Alternatively, these siRNAs may regulate gene expression at the transcriptional level by maintaining methylation of DNA and histones on defined retroelements and repetitive DNA (Hamilton et al. 2002; Xie et al. 2004) . Taken together, the data presented here provide the first evidence for the potential implication of miRNA and siRNA molecules in plant responses to parasitic nematodes. These data provide a basis for further functional analyses to reveal the precise roles of these molecules during plant-nematode interactions.
MATERIALS AND METHODS

Plant materials and nematode inoculation.
Arabidopsis thaliana (ecotype C24) seed were surface sterilized in 50% bleach for 5 min followed by four rinses in sterile water. Sterilized seed were planted on modified Knop's medium (Sijmons et al. 1991 ) solidified with 0.8% Daishin agar (Brunschwig Chemie, Amsterdam, The Netherlands) at 24°C under light and dark conditions of 16 and 8 h, respectively. Two-week-old seedlings were inoculated with approximately 250 surface-sterilized second-stage juvenile (J2) H. schachtii nematodes as described by Baum and associates (2000) . Root tissues were collected at 4 and 7 dpi.
Nematode infection assay.
Mutant lines for dcl2-1, dcl3-1, and dcl4-2 single mutants; dcl2-1/dcl3-1, dcl2-1/dcl4-2, and dcl3-1/dcl4-2 double mutants; dcl2-1/dcl3-1/dcl4-2 triple mutant; rdr1-1, rdr2-1, and 6-15 single mutants; and rdr1-1/rdr2-1/6-15 triple mutant were previously described Henderson et al. 2006; Lu et al. 2006; Peragine et al. 2004; Reinhart et al. 2002; Xie et al. 2004 Xie et al. , 2005 . Seed from these mutant as well as the wild-type control (Col-0) were surface sterilized and planted in a random-block design in 12-well Falcon culture plates (BD Biosciences, San Jose, CA, U.S.A.) containing modified Knop's medium (Sijmons et al. 1991 ) solidified with 0.8% Daishin agar (Brunschwig Chemie). Plants were grown at 24°C under light and dark conditions of 16 and 8 h, respectively. Two-week-old seedlings were inoculated with approximately 250 surfacesterilized J2 H. schachtii nematodes as previously described by Baum and associates (2000) . Inoculated plants were maintained under the conditions described above for an additional 2 weeks before the number of H. schachtii fourth-stage juvenile females were counted.
Root growth and measurements.
Seed from dcl and rdr mutants mentioned above were surface sterilized and transferred to Nunc 4-well Polystyrene Rectangular Dishes (Thermo Fisher Scientific, Waltham, MA, U.S.A.) containing modified Knop's medium. Plates were placed in a vertical position in a growth chamber at 25°C under light and dark conditions of 16 and 8 h, respectively. Seven days after planting, root length and morphology were investigated and photographed. The root length of at least 20 plants per line was measured as the distance between the crown and the tip of the main root in three independent experiments.
Cloning of small RNAs and 454 sequencing.
Total RNA was isolated from root tissues according to Verwoerd and associates (1989) . Cloning of small RNAs was carried out as described by Henderson and associates (2006) . In brief, approximately 400 μg of total RNA was separated on a denaturing 15% polyacrylamide gel (Bio-Rad, Hercules, CA, U.S.A.), the size range of 15 to 30 nucleotides was cut out, and the RNA was eluted overnight with 0.4 M NaCl at 4°C. The purified small RNA molecules were ligated to a pre-adenylytated 3′ oligonucleotide adapter (5′-rAppCTGTAGGCACCAT CAAT/3ddC-3′) (IDT, Coralville, IA) using T4 RNA ligase (Promega Corps., Madison, WI, U.S.A.) without adenosine triphosphate (ATP). The 3′ adaptor possessed a 5′-end monophosphate and a 3′-end blocked with dideoxy-C base (ddC) to prevent self-ligation (Lau et al. 2001) . Ligated RNA was gelpurified to remove excessive adaptor and ligated to a 5′ adapter (5′-ATCGTaggcacctgaaa-3′; RNA/DNA version, uppercase, DNA; lowercase RNA) (IDT) in a standard T4 ligase reaction. After the second ligation, the products were gel purified and then used as a template in a reverse transcription reaction using primer complementary to the 3′ adaptor (5′-ATTGATGGTGC CTACAG-3′) and Powerscript reverse transcriptase (Clontech, Mountain View, CA, U.S.A.). The first-strand cDNA was then PCR amplified using forward primer A fusion (5′-GCCTCCC TCGCGCCATCAGATCGTAGGCACCTGAAA-3′) and reverse primer B fusion (5′-GCCTTGCCAGCCCGCTCAGATTGATG GTGCCTACAG-3′) and high-fidelity Taq polymerase (Roche, Nutly, NJ, U.S.A.). Conditions for PCR were 30 cycles of 94°C for 30 s, 58°C for 45 s, and 72°C for 1 min. The PCR products were purified by two times of phenol-chloroform extraction, ethanol precipitated, gel purified, and sequenced by 454 Life Sciences. Sequences derived from the cloning adaptors and those less than 16 nucleotides were removed from the raw 454 reads, and the remaining insert sequences were used as queries in BLAST searches against the whole A. thaliana genome. Only inserts showing perfect matches to the genomic sequence were considered for further analyses.
qRT-PCR.
Total RNA was extracted from frozen ground root tissues using the TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.) following the manufacturer's instructions. DNase treatment of total RNA was performed using Deoxyribonuclease I (Invitrogen). The treated total RNA (5 μg) was polyadenylated with ATP using poly(A) polymerase following the manufacturer's instructions for the Poly(A) Tailing Kit (Ambion, Austin, TX, U.S.A.). After purification, the polyadenylated RNA was reverse transcribed using Powerscript reverse transcriptase (Clontech) and oligo(dT) adapter (5′-GCGAGCACAGAATTAATACGAC TCACTATAGGTTTTTTTTTTTTVN-3′) (Ambion). qRT-PCR quantification was performed using mature miRNA-and siRNA-specific sequences as forward primers and 3′ rapid amplification of cDNA ends (RACE) outer primer (5′-GCGA GCACAGAATTAATACGAC-3′) (Ambion), a reverse primer complementary to poly(T) adapter quantification. 5.8S ribosomal RNA (rRNA) was used as an internal reference gene for RT-PCR quantification and amplified with 5.8S rRNA forward primer (5′-ACGTCTGCCTGGGTGTCACAA-3′) and the 3′-RACE outer primer as reverse primer. The synthesized cDNAs were diluted to a concentration equivalent to 10 ng of total RNA μl -1 and used as a template in qRT-PCR reactions using the two-step RT-PCR kit (Bio-Rad) according to the manufacturer's protocol. The PCR reactions were run in an I Cycler (Bio-Rad) using the following program: 50°C for 10 min, 95°C for 5 min, and 40 cycles of 95°C for 30 s and 60°C for 30 s. Following PCR amplification, the reactions were subjected to a temperature ramp to create the dissociation curve, determined as changes in fluorescence measurements as a function of temperature, by which the nonspecific products can be detected. The dissociation program was 95°C for 1 min and 55°C for 10 s, followed by a slow ramp from 55 to 95°C. For qRT-PCR of miRNA target genes, gene-specific primers were designed and are listed in Supplementary Table 3 . First-strand cDNA was synthesized from DNase-treated RNA using Advantage RT-for-PCR Kit (Clontech) according to the manufacturer's instructions. For each reaction, 1 μl of diluted cDNA equivalent to 10 ng of total RNA was used as a template in qRT-PCR reactions using the two-step RT-PCR kit (Bio-Rad) according to the manufacturer's protocol. A. thaliana actin 8 (AT1G49240), which we determined to not change expression during nematode infection, was used as internal control to normalize gene expression levels. Quantification of the relative changes in gene expression was performed using the 2 -ΔΔCT method as described by Livak and Schmittgen (2001) .
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